DCs. Furthermore, we show that DC adhesion to mindin matrix was blocked by antibodies to a 4 , a 5 and b 1 integrins. DCs lacking b 1 integrin had reduced adhesion to mindin matrix, decreased expression of Rac1/2 and impaired priming capacity. These results suggest that mindin-integrin interactions play a key role in regulating Rho GTPase expression in DCs and DC priming of T lymphocytes.
Introduction
As professional antigen-presenting cells, dendritic cells (DCs) are essential initiators of adaptive immunity (Banchereau and Steinman, 1998; Shortman and Liu, 2002) . DCs have several special features that contribute to efficient antigen presentation including high expression levels of MHC and costimulatory molecules as well as specialized morphology (Banchereau and Steinman, 1998; Shortman and Liu, 2002) . DCs have membrane processes that are several times the length of their cell body. These processes, referred to as dendrites, interact with T lymphocytes to establish stable DC-T cell contact (Benvenuti et al, 2004) . The small guanosine triphosphatases (GTPases) of the Rho family regulate multiple functions in DCs. Inhibition of Rac1 or Cdc42 activation by their dominant negative mutants results in impaired antigen presentation and T-cell priming (Swetman et al, 2002; Kerksiek et al, 2005; Shurin et al, 2005) . DCs lacking Rac1 and Rac2 expression fail to move toward T lymphocytes to establish a stable DC-T cell interaction (Benvenuti et al, 2004) . These DCs are defective in priming CD4 þ T cells in vivo and in vitro. In addition, several studies have shown that Rho GTPases are critically involved in DC endocytosis (Garrett et al, 2000; West et al, 2000; Kerksiek et al, 2005) . However, it remains unclear how the expression of Rho GTPases is regulated in DCs.
Integrins are transmembrane receptors comprised of a and b heterodimers and recognize extracellular matrix (ECM) proteins including fibronectin, vitronectin, collagen and laminin as their ligands (Plow et al, 2000; Hynes, 2002) . DCs express various types of integrins and some integrins have been used to define DC subsets (Kilshaw, 1993; PuigKroger et al, 2000; Pribila et al, 2004) . Integrins such as a4, a5 and b1 are highly expressed by all mouse DCs (Pribila et al, 2004) . Signaling through integrins activates Rho GTPases. For example, fibroblasts placed on fibronectin induced activation of Cdc42, Rac1 and Rho (Price et al, 1998; Ren et al, 1999) . These studies suggest that an ECM protein/integrin/Rho GTPase signaling pathway may exist to regulate DC function. However, it is unknown which ECM protein-integrin interaction plays such a role in DCs.
Mindin (spondin 2) is a highly conserved ECM protein expressed abundantly in the spleen and lymph nodes (LNs) (He et al, 2004) . It belongs to the mindin-F-spondin family that includes F-spondin and mindin (Klar et al, 1992; Higashijima et al, 1997; Umemiya et al, 1997; Feinstein et al, 1999) . Mindin and F-spondin share three structural domains: an FS1 and FS2 (named for F-spondin) domain at the amino terminus as well as one or six thrombospondin repeats at the carboxyl terminus. Mindin matrix promotes neutrite outgrowth from embryonic hippocampal neurons (Feinstein et al, 1999) . Mindin also functions as a pattern recognition molecule for microbial pathogens (He et al, 2004) . Mindin À/À mice have an impaired capability to clear bacterial infection. Mindin À/À macrophages exhibit defective responses to a broad spectrum of microbial stimuli. Our recent data also show that mindin interacts with integrins a M b 2 and a 4 b 1 on neutrophils and plays a critical role in inflammatory cell recruitment (Jia et al, 2005) .
In this report, we show that mindin À/À mice exhibited defective CD4 þ T-cell priming and humoral response to T-dependent (TD) antigens. Mindin À/À DCs failed to efficiently prime T lymphocytes in vitro owing to inefficient engagement with T cells and had reduced expression of Rac1, Rac2 and Cdc42. The defective priming capacity of mindin À/À DCs was restored by ectopic expression of Rac1.
Furthermore, we found that mindin interacts with a 4 b 1 and a 5 b 1 integrins on DCs. DCs from b 1 integrin-deficient mice also exhibited reduced expression of Rac1 and Rac2 and defective priming of T lymphocytes. Collectively, our results have identified mindin as a key regulator of Rho GTPase expression in DCs and suggest that mindin-integrin interactions are essential for the normal expression of Rho GTPases in DCs.
Results

Humoral immune response in mindin
À/À mice To examine the role of mindin in the adaptive immune response, we immunized mindin À/À mice with sheep red blood cells (SRBCs), a TD antigen commonly used to study antibody responsiveness. As expected, SRBC immunization of wild-type mice elicited a strong specific IgG response ( Figure 1A ). In contrast, mindin À/À mice exhibited an impaired anti-SRBC IgG production ( Figure 1A ). At the peak of the response 2-3 weeks after immunization, the anti-SRBC IgG amount in mindin À/À mice was only B5% of that of controls ( Figure 1A ). Furthermore, secondary immunization with SRBCs also displayed defective antibody production in mindin À/À mice ( Figure 1A ).
We examined germinal center (GC) formation in the spleen of mindin À/À mice immunized with SRBCs. As expected, GCs were readily detected in control mice 10 days after SRBC immunization ( Figure 1B ). In contrast, the size and number of GCs in the spleen of mindin À/À mice were dramatically reduced as reflected by PNA and anti-FDC1 staining ( Figure 1B ). These results demonstrate that mindin plays a critical role in antibody production and GC formation after immunization with a TD antigen. We also tested antibody production in mindin À/À mice using another TD antigen, NP 24 -KLH. As NP-KLH induces a strong IgG1 response (Croix et al, 1996) , we tested the level of anti-NP IgG1 and the relative affinity for NP using different NP-BSA substrates. The total anti-NP 24 IgG1 level in both primary and secondary responses in mindin À/À mice was reduced by 80% when compared to that of control mice ( Figure 1C ). Furthermore, although high-affinity anti-NP 6 IgG1 was detected in the mutant mice, the level was only one-third of that found in controls ( Figure 1C ). Given that defective antibody response in some mutant mice can be Figure 1 Impaired humoral immune response to TD antigens in mindin À/À mice. (A) Anti-SRBC-specific IgG in mindin À/À (À/À) (circle, all throughout) and control ( þ / þ ) (square, all throughout) mice. Mice (n ¼ 6) at 6-8 weeks of age were immunized intraperitoneally with 1 Â10 8 SRBC at day 0 and 28 and the sera were collected at the indicated time. Relative anti-SRBC IgG titers were determined by ELISA. (B) GC formation in SRBC-immunized mindin À/À (À/À) and control ( þ / þ ) mice. Spleens from mindin À/À and control mice 10 days after SRBC immunization were sectioned and stained as indicated. (C, D) Anti-NP-specific IgG1 in mindin À/À and control mice. Mice (n ¼ 5) at 6-8 weeks of age were immunized with NP 24 -KLH (50 mg) alone (C) or NP 24 -KLH (50 mg) plus alum (D) at days 0 and 28. Specific anti-NP IgG1 in the sera was determined by ELISA using NP 24 -BSA or NP 6 -BSA as substrates. (E, F). Antibody response to TI antigens. Mindin À/À and control mice (n ¼ 5) were immunized with TNP-LPS (50 mg) (E) or TNP-Ficoll (50 mg) (F) at day 0 and the sera were collected at a weekly interval. Serum anti-TNP antibody was determined by ELISA. Data are representative of 3-4 independent experiments. restored by adjuvant , we tested antibody production in mindin À/À mice immunized with NP 24 -KLH precipitated with alum. Utilization of alum partially corrected the defective anti-NP antibody production in mindin À/À mice ( Figure 1D ). We next determined humoral immune response to T-independent (TI) antigens in mindin À/À mice using the type I TI antigen TNP-LPS or the type 2 TI antigen TNPFicoll by i.p. injection. Antibody production was evaluated at different time points. Mindin À/À mice produced similar amounts of IgM and IgG antibodies against both types of TI antigens to those in control mice ( Figure 1E and F). Together, these results demonstrate that antibody responses to TD but not TI antigens were impaired and suggest that B lymphocyte response is normal in mindin À/À mice.
Mindin expression in lymphocytes and DCs
The impaired TD antibody production in mindin À/À mice suggests a possible defect in the interactions between T-B lymphocytes and/or T-DCs. Our previous data showed that mindin is abundantly expressed in macrophages and mast cells (He et al, 2004) . To characterize the role of mindin in TD humoral immunity, we examined mindin expression in lymphocytes and DCs. CD4 þ T cells, CD8 þ T cells and B220 þ B cells were purified from the spleen and lymph node (LN) of wild-type mice by FACS sorting and subjected to semiquantitative RT-PCR analysis. Spondin2 (mindin) mRNA was readily detected in all subsets of lymphocytes ( Figure 2A ). In addition, mindin protein was readily detected in BMderived DCs (BMDCs) from wild-type but not mindin À/À mice ( Figure 2B ). We further examined the expression pattern of mindin protein in secondary lymphoid organs by immunohistochemical staining. Mindin protein was detected in a constant and diffuse pattern in wild-type spleen with positive signals seen across the whole tissue section including both white and red pulps ( Figure 2C ). As expected, no signal was detected in mindin À/À spleen after immunohistochemical staining ( Figure 2C ). These results demonstrate that mindin is expressed by mature lymphocytes and DCs in the secondary lymphoid organs.
In vivo CD4
þ T-cell priming
The impaired humoral immune response to TD but not TI antigens in mindin À/À mice may be owing to defective T-cell activation and/or priming. We first examined T-and B-cell proliferation by stimulating splenocytes with anti-CD3 or LPS in vitro. The proliferation of mindin À/À T and B lymphocytes induced by anti-CD3 or LPS was essentially indistinguishable from that of control cells ( Figure 2D ), suggesting that mindin is not essential for T-or B-cell proliferation. We then examined in vivo CD4 þ T-cell priming in mind- Figure 2E ).
These results indicate that efficient priming of CD4 þ T cells in vivo depends on mindin.
Characterization of DCs in mindin
The normal TCR-mediated proliferation but defective in vivo priming of mindin À/À T lymphocytes suggests that DCs may have impairment in development and/or function in the absence of mindin. We first characterized DC development in mindin À/À mice. The number of CD11c þ DCs in the spleen of mindin À/À mice was comparable to that in age-matched control mice (Supplementary Figure 1A) . Furthermore, the major DC subsets as defined by the expression of CD4 and CD8 on CD11c þ DCs (Kamath et al, 2000) were similarly detected in mindin À/À and control mice (Supplementary Figure 1B) . These results suggest that DC development is normal in mindin À/À mice. We then used OTII CD4 þ T cells expressing a transgenic TCR recognizing an Ova peptide (Barnden et al, 1998) in the DC-T cell priming culture. Mindin À/À DCs induced an intermediate level of proliferation in OTII CD4 þ T cells when compared to control DCs, consistent with the above results using wild-type T cells ( Figure 3B ). Furthermore, the defective priming capacity was also seen in BMDCs from mindin À/À mice ( Figure 3C ) and could be completely restored by exogenous mindin at 10 mg/ml ( Figure 3D ). These results demonstrate that mindin À/À DCs are defective in priming T lymphocytes in vitro.
Mindin
We determined whether preincubating mindin with either DCs or T cells can restore the DC priming defect. Interestingly, preincubation of recombinant mindin with T cells or mindin coated on plates during DC:T cell culture restored the defective priming of mindin À/À DCs, whereas preincubation of mindin with DCs failed to do so ( Figure 3E ). These results suggest that mindin binds to T cells. The failure to restore DC priming after mindin preincubation with DCs may reflect that the bound mindin may be endocytosed by DCs. Mindin À/À macrophages produce lower levels of IL-6 than wild-type cells when stimulated by microbial components (He et al, 2004) . Recent studies suggest that IL-6 plays a critical role in T-cell priming by blocking the suppressive effect of Treg cells Medzhitov, 2003, 2004) .
In vivo depletion of Treg cells restored defective T-cell priming in MyD88
À/À mice (Pasare and Medzhitov, 2004) . We found that LPS-stimulated mindin À/À DCs produced only B40% of IL-6 and TNF-a when compared to control DCs (data not shown). To test whether a reduced production of IL-6 may account for the impaired priming capacity of mindin À/À DCs, we added exogenous IL-6 to in vitro DC-T cell culture. Excess amount of IL-6 in the DC-T cell priming culture failed to restore the priming capacity of mindin À/À DCs ( Figure 4A ). DCs is not solely due to reduced IL-6 production or an inability to overcome suppression by Treg cells in vivo.
The defective priming capacity of mindin À/À DCs may be solely due to their impaired maturation induced by LPS. To address this, mindin À/À DCs matured by TNF-a stimulation were tested for their priming capacity. A similar priming defect of mindin À/À DCs matured by TNF-a to that of DCs matured by LPS was observed ( Figure 4C ). Furthermore, mindin À/À DCs failed to prime T cells efficiently even when Ova peptides were used as the antigen ( Figure 4D ), arguing against that the priming defect is owing to impaired antigen uptake, processing and MHC peptide loading. Interestingly, mindin À/À DCs stimulated allogeneic CD4 þ T cells as efficiently as control DCs in a mixed lymphocyte reaction ( Figure 4E ), indicating that allostimulation by DCs does not depend on mindin.
Rac1/2 expression in mindin À/À DCs
Given the role of Rac1 and Rac2 in regulating DC priming capability (Benvenuti et al, 2004) and the fact that mindin serves as a ligand for integrins (Jia et al, 2005) , we examined whether mindin regulates the expression of these small GTPases in DCs. Total cell lysates of purified splenic DCs from mindin À/À and wild-type mice were blotted for total Rac1, Rac2 and Cdc42 expression. Unstimulated splenic DCs from wild-type mice expressed abundant levels of these GTPases ( Figure 5A ). In contrast, the expression of Rac1, Rac2 and Cdc42 was much lower in mindin À/À splenic DCs ( Figure 5A ). Furthermore, whereas microbial component stimulation readily increased the expression levels of these Rho GTPases in wild-type DCs, less upregulation was observed in mindin À/À DCs ( Figure 5A ). Consistent with their defective priming capacity, the expression and upregulation of Rac1, Rac2 and Cdc42 were also impaired in mindin À/À BMDCs ( Figure 5B ).
We next determined whether the reduced Rac1/2 expression in mindin À/À DCs was owing to a lowered mRNA expression using quantitative RT-PCR. Expression of Rac1 and Rac2 mRNA in unstimulated splenic DCs from mindin
mice was only B40% of that found in wild-type DCs ( Figure 5C ). Furthermore, the lower levels of Rac1 and Rac2 mRNA expression in mindin À/À DCs was not restored by LPS or PGN (peptidoglycan) stimulation ( Figure 5C ), suggesting that mindin is required for normal expression of Rac1 and Rac2 mRNA in DCs. It has been reported that DCs lacking Rac1/2 expression fail to prime T cells owing to inefficient DC-T cell contact and the defect can be restored by coculturing DCs and T cells in round-bottom plates (Benvenuti et al, 2004) . If the reduced Rac1/2 expression in mindin À/À DCs is the primary defect, DC priming in round-bottom plates may restore T-cell proliferation. Indeed, T-cell priming by mindin À/À DCs was completely restored when round-bottom plates were used ( Figure 5D ). To further determine which Rho GTPase, Rac or Cdc42, accounts for the defective priming capacity of mindin À/À DCs, we ectopically expressed Rac1 or Cdc42 in BMDCs of mindin À/À and wild-type mice using the pMI retrovirus vector expressing human CD2 as a marker (He et al, 1998) . Human CD2 þ BMDCs were purified by FACS sorting and incubated with OTII CD4 þ T cells in the presence of Ova. Expression of Rac1 (and human CD2) in wild-type DCs did not obviously affect their antigen presentation to OTII CD4 þ T cells ( Figure 5E ). Expression of Rac1 in mindin À/À DCs completely restored T-cell priming ( Figure 5E ). In contrast, expression of Cdc42 in mindin À/À DCs failed to restore their priming capacity ( Figure 5E ). In addition, Cdc42 expression in wild-type DCs appeared to inhibit their antigen presentation to OTII CD4 þ T cells ( Figure 5E ). Consistent with the restoration of mindin À/À DC priming by recombinant mindin, the expression of Rac1 and Cdc42 in mindin
DCs was also restored by exogenous mindin ( Figure 5F and data not shown).
Collectively, these results demonstrate that mindin plays a critical role in the normal expression and upregulation of Rho GTPases in DCs and that the reduced Rac expression accounts for the defective priming capacity in mindin À/À DCs. Figure 6A , wild-type DCs rapidly engaged with OTII T cells and essentially remained at the same spot for 6 h, whereas mindin À/À DCs failed to engage T cells and moved out of the imaging field within 90 min. The cumulative distance of mindin À/À DC movement was increased dramatically compared to that of control DCs ( Figure 6B ), indicating that mindin À/À DCs moved continuously whereas wild-type DCs stopped moving after engaging OTII T cells. Furthermore, the velocity of mindin À/À DCs was 5-6-fold higher than that of control DCs ( Figure 6C ). Taken together, these results demonstrate that mindin À/À DCs cannot engage T lymphocyte efficiently. The reduced movement and velocity of wild-type DCs are consistent with the observations that DCs form stable clusters with T cells during antigen presentation in vivo (Stoll et al, 2002; Bousso and Robey, 2003; Miller et al, 2004) .
Defective interaction between Mindin
Mindin as a ligand for integrin on DCs
Our recent data show that mindin serves as a ligand for integrin a M b 2 and a 4 b 1 on neutrophils (Jia et al, 2005) . Various integrins are expressed on mouse DCs and can be used to define subsets of DCs (Kilshaw, 1993; Puig-Kroger et al, 2000; Pribila et al, 2004) . Given the uniformly high expression of a 4 b 1 and a 5 b 1 integrins on all mouse DC subsets, we examined whether these integrins on DCs interact with mindin matrix. Immature and mature DCs readily adhered to mindin and fibronectin but not laminin matrix (Supplementary Figure 3A) . Addition of anti-b 1 integrin mAb reduced DC adhesion to mindin matrix by 50-70% (Supplementary Figure 3A) . Addition of anti-a 4 or anti-a 5 integrin mAbs also reduced DC adhesion to mindin matrix, though combination of these antibodies did not further reduce mindin-mediated DC binding (Supplementary Figure  3A) . As a negative control, anti-FcRII/III mAb did not affect DC adhesion to mindin matrix (Supplementary Figure 3A) . These results suggest that DCs utilize integrins a 4 b 1 and a 5 b 1 to interact with mindin matrix. We wondered whether mindin regulates DC function through modulating integrin expression levels. We determined the expression of integrin b 1, a 4 and a 5 on mature DC by FACS analysis and found that the expression of these integrins on mature DCs from mindin À/À and control mice was almost identical (Supplementary Figure 3B) , ruling out a role of mindin in regulating integrin expression on DCs.
Role of integrin b 1 in DC priming
The above results suggest that mindin may regulate Rac1/2 expression in DCs by signaling through a 4 b 1 and a 5 b 1 integrins. To test this, we examined Rac1/2 expression in DCs lacking b 1 integrin expression. To generate DCs lacking b 1 expression, we crossed mice with b 1 integrin alleles flanked with two loxP sites (b 1 f/f) (Raghavan et al, 2000) to Mx-cre transgenic mice (Kuhn et al, 1995) and induced b 1 integrin deletion by repetitively injecting polyI:C. Mx-cre induced an efficient deletion of b 1 integrin on B40-50% splenic DCs as assessed by FACS ( Figure 7A ). We purified b 1 low/neg splenic DCs from b 1 f/f Mx-cre mice by FACS sorting. Sorted splenic DCs from b 1 f/f mice similarly treated with polyI:C were used as a control ( Figure 7A ). We first tested their binding to mindin matrix. The binding of b 1 integrin-deficient DCs to mindin was reduced by B40% when compared to that of control DCs (Figure 7B ), suggesting that b 1 integrin mediates mindin-DC interaction. We then examined Rac1 and Rac2 expression in these DCs. The expression levels of total Rac1 and Rac2 proteins in b 1 -deficient splenic DCs were reduced by B70 and B40%, respectively, when compared to control DCs ( Figure 7C ). BMDCs from b 1 f/f Mx-cre mice, which had efficient b 1 integrin deletion on 490% of the cells, contained a dramatically reduced levels of Rac1 and Rac2 ( Figure 7C ). Furthermore, upregulation of Rac1 and Rac2 expression upon microbial component stimulation in b 1 -deficient splenic DCs and BMDCs was also impaired ( Figure 7C ). Correlated with the lower Rac1 and Rac2 protein expression in b 1 integrindeficient DCs, Rac1 and Rac2 mRNA expression levels were also reduced in these cells when compared to wild-type DCs ( Figure 7D ). These results indicate that b 1 integrin-mediated signaling plays a critical role in Rac expression in DCs.
We then examined the priming capacity of these DCs in DC-T cell coculture. Similar to mindin À/À DCs, b 1 integrindeficient splenic DCs and BMDCs displayed defective priming of OTII CD4 þ T cells in vitro ( Figure 7E and F) . The reduced expression of Rac proteins and impaired priming capability in b 1 integrin-deficient DCs was not owing to a nonspecific effect caused by polyI:C treatment as wild-type and b 1 f/f mice were also treated with polyI:C. Given the reduced expression of Rac1/2 in b 1 -deficient DCs, we tested whether ectopically expressed Rac1 could restore the defective antigen presentation in these cells. Interestingly, Rac1 expression did not restore the defective antigen presentation of b 1 -deficient DCs ( Figure 7G ). Collectively, these results demonstrate that integrin b 1 plays a critical role in the expression of Rac1/2 and antigen presentation capability of DCs.
Discussion
In this report, we show that mindin À/À mice have defective humoral immune responses to TD but not TI antigens. Mindin was first characterized as a pattern recognition molecule for microbial pathogens through carbohydrate recognition and is essential for the initiation of innate immune response to microbial pathogens (He et al, 2004) . We have used nonpathogenic antigens to examine adaptive immune response in mindin À/À mice. Given that mindin is required for IL-6 and TNF-a production and inflammatory cell recruitment (He et al, 2004; Jia et al, 2005) , it is likely that in vivo defects in migration of DCs or lymphocytes and/or lack of inflammatory cytokine production also contribute to the defective humoral immune response in mindin À/À mice.
Nevertheless, our in vitro data supports a role for mindin in DC-T cell priming by maintaining Rho GTPase expression in DCs. As professional APCs, DCs make close interaction with T lymphocytes to establish a stable contact (Benvenuti et al (2004) and Supplementary movie). Without this stable contact, DC priming of T lymphocytes is impaired. Recent reports have unequivocally demonstrated that Rho GTPases control DC priming capability (Benvenuti et al, 2004; Kerksiek et al, 2005) . There are notable differences in DC development and function between mindin À/À and Rac1/2-deficient mice.
CD8a
þ DC development was impaired and dendrite formation was abnormal in Rac1/2-deficient mice (Benvenuti et al, 2004 (Jia et al, 2005) . Given the high level expression of a 4 b 1 and a 5 b 1 integrins on all DCs (Pribila et al, 2004) (Figure 7A ), we focused our attention on these integrins. Our antibody blocking results indicate that DC adhesion to mindin matrix is mediated through a 4 b 1 and a 5 b 1 integrins. This is further supported by the observation that b 1 integrin-deficient DCs exhibited reduced binding to mindin matrix. We also demonstrate that DCs lacking b 1 integrin expression exhibited reduced expression of Rac1/2 and impaired antigen presentation to T lymphocytes. The similarity between mindin À/À and b 1 integrin-deficient DCs suggests that mindin-b 1 integrin interaction on DCs in vivo plays a key role in the expression of Rac1/2. Our results indicate that DCs require constant interaction with environmental signals such as mindin to maintain normal function. At steady state, DCs are enmeshed in an extensive network, actively probing adjacent T lymphocytes with their dendrites in secondary lymphoid organs (Lindquist et al, 2004) . Given the extensive expression of mindin in the extracellular matrix of secondary lymphoid organs, DCs must be in constant contact with mindin. This interaction is required for the normal expression of Rac proteins in DCs. This finding is surprising given that other a 4 b 1 and a 5 b 1 integrin ligands, such as fibronectin, are also expressed in these lymphoid organs (Liakka and Autio-Harmainen, 1992; Lo et al, 2003) . The fact that the interaction between fibronectin and these integrins is not sufficient to compensate for mindin-mediated integrin signaling suggests that mindin as a ligand provides a unique signal. It has been shown that a 4 b 1 and a 5 b 1 integrins recognize RDG or other peptide motifs on fibronectin. It will be important to determine which motifs on mindin are recognized by these integrins.
We also show that a critical function of b 1 integrin in DCs is to directly regulate Rac1 and Rac2 mRNA expression through interaction with mindin. Upon interaction with ECM ligands, integrins regulate Rho GTPases function in several ways: integrin signaling readily activates Rac and Cdc42 from GDP-bound inactive form to GTP-bound active form (Price et al, 1998; Ren et al, 1999) . Integrin signaling also promotes Rho GTPases to interact with effector proteins and their membrane localization (del Pozo et al, 2000 (del Pozo et al, , 2002 . Our results demonstrate that b 1 integrin provides a critical signal to maintain normal expression levels of Rac1 and Rac2. This regulation occurs at transcription level as mRNA expression of Rac1 and Rac2 in both mindin À/À and b 1 integrindeficient DCs were lower than those found in wild-type DCs. However, it is possible that mindin-integrin interaction also regulates Rac expression at the protein level. Given the extensive studies on integrin-mediated signaling pathways (Hynes, 2002; Miranti and Brugge, 2002) , it will be important to determine which signaling process mediated through b 1 integrin regulates Rac mRNA expression in DCs. In summary, our results suggest that mindin/integrin b 1 /Rac signaling process plays a critical role in DC priming of T lymphocytes.
Materials and methods
Mice
All homozygous mindin À/À and wild-type mice were derived from breeding of heterozygous mindin À/À mice (He et al, 2004 ) after back-crossed to C57BL/6 for seven generations. The following mice were obtained from the Jackson Laboratory: CD29 (b 1 integrin) floxed (CD29f/f) mice (Raghavan et al, 2000) and OTII TCR transgenic mice (Barnden et al, 1998) . To generate b 1 integrindeficient DC, CD29f/f mice were crossed with Mx-cre transgenic mice (Kuhn et al, 1995) . The CD29f/fMx-cre and CD29f/f control mice at 5 weeks of age were injected with 300mg of polyI:C (Sigma) every other day for three times. Mice were then injected with the same amount of polyI:C 2 more times at 1-week intervals (five injections in total). All mice were housed in a specific pathogen-free facility at the Duke University Vivarium and used at 6-12 weeks of age. Mice in different groups were sex and age-matched. Animal usage was carried out according to protocols approved by the Duke University Institutional Animal Care and Use Committee.
DC preparation and stimulation
To isolate splenic DCs, spleens were perfused with serum-free RPMI containing Liberase CI (400 mg/ml) (Rache Diagnostics) at 371C for 30 min. The digested spleens were lysed of erythrocytes and resuspended (1 ml/spleen) in a 30% BSA solution (Sigma). Cold RPMI (4 ml) was placed over the BSA/splenocyte mixture to form an interface. After centrifugation at 7000 r.p.m. for 15 min, the interface was harvested for enriched splenic DCs. To further purify CD11c þ DCs, enriched splenic DCs were stained with anti-CD11c mAb and sorted by FACS to 498% pure. BMDCs were generated by culturing BM precursor cells in the presence of GM-CSF (200 U/ml) and IL-4 (5 U/ml) (PeproTech) for 6 days as described (Inaba et al, 1992; Zhang et al, 2004) . At the end the culture, CD11c
þ DCs accounted for 85-90% of the cells. All splenic DCs and BMDCs were pulsed with antigen, induced to undergo maturation by LPS stimulation (60 ng/ml) for 16 h and irradiated (3000 rads) before used for in vitro priming of T lymphocytes.
To express Rac1 or Cdc42 in DCs, the pMI retrovirus vector expressing human CD2 and mouse wild-type Rac1 and Cdc42 cDNA bicistronically were used to generate retroviruses as described (He et al, 1998) . BMDCs were infected with retroviruses at day 2 and day 4 of the culture. Infected human CD2 þ and CD11c þ BMDCs were sorted by FACS, pulsed with antigen and induced to mature with LPS before being used in T-cell priming. Analysis of DC phagocytic capability using FITC-Ova was performed as described . DCs (1-2 Â10 6 cells/ml) were stimulated with the following microbial component, LPS from Salmonella typhosa or Escherichia coli (Sigma), LTA from S. aureus (Sigma), zymosan and mannan from Saccharomyces cerevisiae (Sigma), and PGN from S. aureus (Fluka Chemical) at 371C for 12 h. Total cell lysates were prepared for protein blot.
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